Abstract
Introduction

43
Efficient utilization of all available carbon in lignocellulosic biomass is one of the major 44 challenges preventing economically viable biofuels production (1, 45). Commonly used 45 organisms for biofuel production such as the yeast Saccharomyces cerevisiae are unable to 46 natively utilize the pentose sugars, which comprises a substantial portion of lignocellulosic 47 biomass (29, 49) . Among these pentose sugars, xylose is the most abundant in commonly 48 studied biomass sources. Thus, the ability to improve xylose catabolism and conversion in a 49 recombinant host such as S. cerevisiae would substantially improve the prospect of biofuels and 50 biochemicals production. 
95
Here, we report the first directed evolution study of a xylose isomerase gene (xylA from
96
Piromyces sp.) for improved specific enzyme activity at the conditions tested, cell growth, xylose 97 consumption rate, and ethanol production in the yeast S. cerevisiae. Directed evolution is an 98 efficient approach for tailoring proteins that require refined functions such as higher stability, 99 tolerance, substrate specificity, and product selectivity of protein. The iterative application of 100 this method allows for proteins with significantly improved function to be easily obtained in a 101 short period of time (7). To this end, we subjected the xylA gene to iterative rounds of random 7 GCGTGACATAACTAATTACATGACTCGAGTTA-3') using GeneMorph II Random
130
Mutagenesis Kit (Stratagene, La Jolla, CA). According to the directions, libraries using low (0-131 4.5 mutations/kb), medium (4.5-9 mutations/kb), and high (9-16 mutations/kb) mutagenesis rates 132 were cloned to achieve a library size of 1 respectively, and the re-transformed strains expressing these mutant xylose isomerase are termed 161 S1A1, S1A2, and S1A3, respectively. The number of serial transfers was reduced from seven to 162 five in the second and the third round of the selection processes. initially avoid this improper balance of enzyme levels in this strain (15).
236
The mutant xylose isomerase library was transformed into S. cerevisiae BY4741-S1 and round of mutation showed almost double the growth rate compared to the retransformed strain.
248
Thus, the ultimate production strain will utilize the synergy between pathway engineering and 249 adaptive laboratory evolution.
250
The growth rates of the retransformed strains (S1A1, S1A2, and S1A3) expressing the 251 best mutant xylose isomerase isolated from each round (xylA*1, xylA*2, and xylA*3 from the 252 first, second and third round, respectively) are shown in Table I compared to strains (S1A)
253
harboring the wild type xylose isomerase gene (xylA). Growth on xylose is not observed in a 254 control strain (S1C) harboring a blank plasmid as wild-type yeast cells lack a pathway to 255 catabolize xylose. The growth rates on xylose progressively increased through the successive 256 rounds of directed evolution ( Table I) . The S1A3 imparted a 9 fold increase in growth rate 257 compared to S1A.
259
Enzymatic Assay of Xylose Isomerase Mutants
260
As demonstrated above, these mutant xylA genes were able to increase the growth rate of 261 yeast cells on xylose, thus we sought to understand the underlying mechanism of this 262 improvement using in vitro kinetics assays. To do so, total protein was extracted from these 263 strains and enzyme assays were conducted using a spectrophotometric-based coupled enzyme 264 system (18). Similar to the growth rates, the enzyme activities of xylose isomerase mutants increased progressively with the rounds of mutagenesis and selection ( 
Identification of Critical Mutations in Isolated Xylose Isomerase Mutants
277
In addition to enzyme analysis, these improved xylose isomerase genes were sequenced 278 to identify the mutant residues responsible for improved activity. In each round of mutagenesis, 279 two amino acid substitutions occurred which resulted in six mutations in the xylA*3 third round 280 mutant: E15D, E114G, T142S, E129D, A177T, and V433I (Table II) .
281
The cumulative amino acid substitutions obtained in this third round mutant were next 282 investigated to identify which were necessary and sufficient for the improved performance of were obtained during the 2 nd and 3 rd round respectively, showed 46% and 32% decrease in E15D and T142S are necessary mutations that strongly contribute to the improved performance 289 of mutant xylose isomerase (Fig. 2) We next evaluated the xylose consumption and ethanol production rates enabled by these 302 xylose isomerase mutants using a series of high-cell density (OD = 20) batch fermentations in 303 both oxygen-limited and micro-aerobic conditions. For the oxygen-limited conditions, 50 ml 304 was cultured in a covered 125 ml flask. In these conditions, xylose consumption rates increased 305 progressively through the rounds of directed evolution with S1A3 increasing xylose consumption 306 rates by nearly 90% over the S1A (Fig. 3B) . As described above, the control strain (S1C) 307 harboring a blank plasmid does not grow and thus consumed no xylose. Interestingly, only 308 S1A2 and S1A3 produced measurable ethanol levels in this condition (Fig. 3A) . The S1C, S1A,
309
and S1A1 did not produce any ethanol (Fig. 3A) . Furthermore, S1A3 had a relatively short lag 310 time for ethanol production whereas S1A2 started producing only after 95 hours of fermentation 311 on October 2, 2017 by guest http://aem.asm.org/ Downloaded from (Fig. 3A) . Thus, the identified mutant xylose isomerase (especially xylA*3) enables ethanol 312 production capacity in these oxygen-limited conditions.
313
As a second test for ethanol production, we utilized less aerobic conditions (specifically, 314 a micro-aerobic condition) afforded by culturing 40 ml in a 50 ml sealed vial. These conditions 315 were expected to be more favorable for ethanol fermentations and likewise resulted in all strains 316 producing ethanol at significantly increased rates ( Table I) . Ethanol production capacity was 317 greatly increased in strains harboring these mutant versions of xylose isomerase (Fig. 4A) as was 318 xylose utilization rates (Fig. 4B) . The S1A1 produced ethanol at the rate of 0.0041 g ethanol g 319
cell -1 h -1 in this condition which represents an increase of 28% relative to that of S1A (0.0032 g 320 ethanol g cell -1 h -1 ). In addition, the ethanol yield in S1A1 (0.50 g ethanol / g xylose) was close 321 to the theoretical value of 0.51 g/g. Subsequent mutants of xylose isomerase resulted in higher 322 rates of ethanol production with an 88% and 75% increase over S1A for S1A2 and S1A3,
323
respectively. It is interesting that in this more micro-aerobic condition, the performance of S1A2 324 and S1A3 were quite similar. Although S1A3 produced ethanol at a slightly lower rate (0.0056 g 325 ethanol g cell -1 h -1 ) than S1A2 (0.0060 g ethanol g cell -1 h -1 ), the xylose consumption rate was 326 slightly higher in S1A3 (0.0126 versus 0.0123 g xylose g cell -1 h -1 ) ( Fig. 4A and B) . Despite the 327 increased rate, ethanol yields in these strains were slightly lower than S1A1 (0.49 and 0.45g 328 ethanol /g xylose for S1A2 and S1A3 respectively). Collectively, these results along with the 329 production profiles (Fig. 4) will have an expected higher downstream flux when compared to S. cerevisiae BY4741-S1, they 344 are still relatively minimally engineered when compared with other strains commonly described 345 in literature that contain many pentose phosphate pathway enzyme overexpressions ( Table I) .
346
Therefore, this experiment was intended to demonstrate the potential of the improved xylose 347 isomerase enzyme as a promising starting point for further strain engineering.
348
As shown in Fig. 5 and an 8 fold increase in both ethanol production and xylose consumption rates. These 376 improvements clearly show the potential of this mutant as a promising starting point for further 377 strain engineering for efficient xylose fermentation.
378
The increased enzyme activity seems to be resulted from a series of identified mutations 379 in both the active site and monomer-binding contacts. Fig. 7 necessary for the improved xylose isomerase performance of the xylA*3 (Fig. 2) . It is of interest 
395
The performance of the identified xylose isomerase mutant was tested in two high-cell 396 density fermentation assays-oxygen-limited and micro-aerobic conditions. In micro-aerobic 397 conditions, the xylose consumption and ethanol production rates of S1A3 (0.0126 g xylose g cell engineering to boost ethanol yields and productivity.
435
In oxygen limited conditions, the improvement of ethanol production is also important as 436 this mutant pathway enabled ethanol production. S. cerevisiae strains S1A2 and S1A3 produced 437 ethanol whereas S1A did not produce any ethanol. Moreover, xylose consumption rates in these of these properties with a rapid initiation of ethanol production under oxygen-limited condition and a strong ethanol production under more anaerobic conditions. Thus, this pathway could form 450 the foundation of a promising host for industrial ethanol fermentation.
451
This study presented a significantly improved xylose isomerase pathway in S. cerevisiae 452 through the use of directed evolution without the need for extensive pathway engineering. BY4741-S1C (○), S1A (•), S1A1 (▲), S1A2 (◆), and S1A3 (■). Ethanol production was only BY4741-S1C (○), S1A (•), S1A1 (▲), S1A2 (◆), and S1A3 (■). Ethanol production was 658 increased over oxygen-limited conditions with both the second and third round having similar 659 productivities. Total improvement in ethanol production was nearly 90% using these mutants.
660
Xylose consumption was increased progressively with the round of directed evolution in these 661 strains. Error bars represent the standard deviation of biological triplicates. 
